One sentence summary: Metabolomic and transcriptomic analysis of joined culture fermentations of yeasts Saccharomyces cerevisiae and Dekkera bruxellensis showed a competition for molecular oxygen, for sulphur containing amino acids and for vitamin thiamine.
INTRODUCTION
Yeast interactions between Saccharomyces species or among Saccharomyces and non-Saccharomyces species have a strong impact on aromatic profile of wine (Jolly, Augustyn and Pretorius 2006) . In the past, non-Saccharomyces species were mainly seen as a source of wine spoilage due to high levels of volatile acids and other undesirable compounds produced (Povhe Jemec and Raspor 2005) . As a consequence, Saccharomyces cerevisiae starter cultures are mostly employed as standard in wine production.
Top quality wines that undergo no form of treatment or microbiological stabilisation process in order to maintain their high aroma concentrations are often subjected to contaminations with Dekkera bruxellensis during the wine ageing process. Contamination typically results in the formation of volatile phenols. In white wines, these undesirable molecules are responsible for the taints described as 'medicinal', and in red wines as 'horse sweat' and 'stable' (Chatonnet et al. 1992) .
Yeast species D. bruxellensis and S. cerevisiae interact with each other, and their growth are typically characterised by large populations of S. cerevisiae during the ethanol fermentation stage and the dominance of D. bruxellensis at later stages of aromatic compound synthesis and wine maturation (Dias et al. 2003) . The growth of D. bruxellensis is typically repressed by high glucose concentrations (Leite et al. 2012) ; however, after alcoholic fermentation, its survival rate is better than that of S. cerevisiae due to ethanol tolerance and its ability to use ethanol as a sole carbon source (Conterno et al. 2006) .
The effects of mixed fermentations between S. cerevisiae and non-Saccharomyces species have been studied for a few yeast species, mostly for those which could be used as a mixed starter culture (Ciani et al. 2010) . For the case of S. cerevisiae and D. bruxellensis mixed culture fermentations, only volatile phenols and general fermentation parameters have so far been examined (Dias et al. 2003; Jensen et al. 2009; Sáez et al. 2010) . Therefore, possible microbial interactions between the two yeast species still need to be clarified. With this in view, the aim of our study was to evaluate how D. bruxellensis affects the fermentation kinetics and the transcriptomic and metabolic performances of S. cerevisiae and the subsequent aroma compound production during alcoholic fermentation.
MATERIALS AND METHODS

Strains and media
Dekkera bruxellensis ZIM 701, isolated from a spontaneous wine fermentation of grape must in Slovenia and deposited in the Collection of Industrial Microorganisms (ZIM), and the commercial Saccharomyces cerevisiae wine strain EC-1118 (Lallemand R SA) were used in this study.
Yeasts were cultured on YPD agar medium composed of yeast extract 10 g/L (Difco), peptone 20 g/L (Difco), glucose 20 g/L (Sigma) and agar 15 g/L (Difco), at pH 6.0-6.2 and at 28
• C. The inoculum was prepared after a 27 h (for S. cerevisiae) or 50 h (for D. bruxellensis) incubation period at 28
• C and 220 rpm in liquid YPD medium. Prior to inoculation, the suspension was centrifuged and resuspended in PBS buffer (8 g/L of NaCl, 0.2 g/L of KCl, 1.44 g/L of Na 2 HPO 4 . 2H 2 0 and 0.24 g/L of KH 2 PO 4 ; pH 7.4).
MS300 synthetic must was used to perform fermentations, which constitution resembles the natural must as described by Bely, Sablayrolles and Barre (1990) . MS300 medium was supplemented with 100 g/L of glucose (Sigma) and 100 g/L of fructose (Sigma) as carbon sources, and the pH was adjusted to 3.3. Additionally, medium was supplemented with two hydroxycinnamic acids (HCAs): 50 mg/L of p-coumaric acid (Fluka Steinheim, Switzerland) and 50 mg/L of ferulic acid (Sigma) and filter-sterilised through a 0.22 μm pore filter (Millipore).
Fermentation and growth conditions
A double-compartment membrane fermenter was built to physically separate the cells of S. cerevisiae from the cells of D. bruxellensis. As shown in Fig. 1 , the fermenter consisted of two 250-mL polycarbonate square bottles (Nalgene) with side openings in the middle. Between the openings, an inert membrane (cut-off: 1.2 μm, MAGNA cellulose acetate membrane, GE Waters and Process Technologies) was placed centrally. The membrane was sealed with two flat rubber seals on each side. The system was mechanically pressed together in order to be watertight. To maintain a homogeneous distribution of cells and metabolites, constant magnetic stirring was applied during all the process. All fermentations carried inside the double-compartment membrane fermenters were performed in duplicate, and under microaerobic conditions (top openings sealed with rubber stoppers with a CO 2 outlet), at 22
• C. For each fermentation, both sides of the fermenter contained 200 mL of MS300 medium. In the case of separated culture fermentations, S. cerevisiae EC-1118 was inoculated on one side of the membrane and D. bruxellensis ZIM 701 on the other side, each to a final concentration of 1 × 10 6 cells/mL. For pure culture fermentations, either S. cerevisiae or D. bruxellensis was inoculated into the medium on one side of the membrane (1 × 10 6 cells/mL), while the medium on the other side was not inoculated and remained sterile throughout the fermentations. In order to verify the membrane system suitability for offering similar fermentation conditions that are normally established in single compartment fermenters, fermentation kinetics in double-compartment membrane fermenters were compared with fermentation kinetics in single compartment fermenter flasks (200 mL of MS300 medium in 250 mL Erlenmeyer flasks sealed with rubber stoppers with a CO 2 outlet). All fermentations were conducted for two independent biological repetitions. After sampling in aseptic conditions, samples were centrifuged at 4000 g for 5 min and the supernatants were taken from both sides of the membrane. For transcriptomic analysis, cell pellet samples were taken only from the S. cerevisiae side of the membrane. The fermenters were weighted daily to assess CO 2 release, and yeast growth during the fermentations was monitored by colony counts plated onto solid YPD medium.
The speed of molecule diffusion through the membrane of the fermenter was tested, for which 200 mL of MS300 medium containing 50 mg/L of 4-ethylphenol was poured into the left compartment and 200 mL of the MS300 medium without 4-ethylphenol was poured into the right compartment. The contents of the fermenter were immediately magnetically stirred and sampled after 5 and 10 min. From the measurements of 4-ethylphenol from both compartments (left and right), the speed of diffusion was determined.
Analytical methods
Supernatant samples were filtered through a 0.22 μm pore filter (Millipore) prior to analysis. Glucose, fructose, ethanol and glycerol were measured using the Hitachi Elite LaChrome (USA) high-performance liquid chromatography system (HPLC) coupled with an Aminex HPX-87H ion exchange column. Column and refractive index detector temperatures were 60
• C and
40
• C, respectively, and a flow rate of 2.5 mM H 2 SO 4 was set to 0.50 mL/min for 0-9 min, 0.25 mL/min for 10-14 min and 0.50 mL/min for 15-35 min. For the purpose of 4-ethylphenol and 4-ethylguaiacol quantifications, samples were analysed using a HPLC system (Knauer, Germany) on a Waters X-Bridge Phenyl column (130Å, 3.5 μm, 4.6 mm × 150 mm, 1/pkg) according to Kosel,Čadež and Raspor (2014) .
For gas chromatography -mass spectrometry (GC-MS) analysis, 5 mL of supernatant samples were spiked with an internal standard of 4-methyl-2-pentanol to a final concentration of 0.1 g/L and mixed with 1.75 g of sodium chloride. To extract the volatile compounds, a divinylbenzene/carboxen/ polydimethylsiloxane (DVB/CAR/PDMS, 50/30 μm) coated fibre was inserted into the headspace of a vial and incubated for 40 min at 40
• C using continuous magnetic stirring at 110 rpm. After extraction, the fibre was inserted into the GC injector port. The analysis of esters, volatile acids and higher alcohols was carried out on a Thermo-Finnigan Trace-GC with a single Quadrupole Trace-DSQ Mass Selective Detector (Thermo Electron Corporation, Austin, TX, USA), equipped with a Zebron ZB-FFAP capillary column (30 m length, 0.25 mm I.D., 0.25 μm film thickness), COMBI-PAL autosampler (CTC analytics, ZwingenSwitzerland) and a Xcalibur 2.0.7 software. The injector temperature was set to 260
• C and the flow rate to 0.8 mL/min, with helium used as the carrier gas. 
Microarray analysis
Cell sampling from the fermentors and total RNA extraction were performed in duplicates as described by Remize, Barnavon and Dequin (2001) . Total RNA quantification was confirmed using the Agilent Bioanalyzer 2100. Probe preparation and hybridisation to Agilent Yeast (V2) Gene Expression microarrays (p/n G4813A-016322) were performed according to instructions in the Agilent Quick Amp kit (p/n 5190-0442). The mixture of 200 ng of total RNA and 2 μL of 1:5000 diluted One-Color RNA Spike-In solution was reversely transcribed to cDNA, and subsequently Cy3-labelled cRNA was synthesised according to the Agilent protocol 'One-Color Microarray-Based Gene Expression Analysis' (V6.5). The labelled cRNA was purified by repeated rinsing through RNeasy mini spin columns (QI-AGEN, Valencia, CA, USA). Dye incorporation and cRNA yield were checked with the NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA). Following fragmentation, 600 ng of labelled fragmented and amplified RNA were hybridised on microarrays for 17 h at 65
• C. Gene chips were washed, stabilised and dried. Images of the hybridisations were acquired using a G2505B Microarray Scanner (Agilent Technologies) adjusted to one colour scan settings. The Feature Extraction software was used for spot identification, background subtraction and quantification of the fluorescent signal.
Microarray data analysis
Microarray data can be assessed at GEO repository under the accession number GSE38582. General background corrections and data filtering were performed using the Biometric Research Branch-ArrayTools V4.2 software (Simon et al. 2007) . Following log 2 signal transformation and average of probe replicates, the data were median-normalised to minimise systematic variance. Differentially expressed transcripts between pure and separated culture fermentations were identified using the two-class unpaired SAM (Significance Analysis for Microarrays) test (Tusher, Tibshirani and Chu 2001) , allowing for a false discovery rate of 3.1%, 5.8%, 4.1% and 7.2% (90% confidence) for 22, 92, 144 and 187 h of fermentation, respectively, and considering a minimal 2-fold change. The highest fold change in any of the four time points of fermentation was defined as the maximum fold change between separated and pure culture fermentations (all expression results were presented in maximum fold change values with the corresponding time point). Enrichment of Gene Ontology term was performed using TANGO algorithm with the corrected p-value threshold set to 0.05. A clustering using a CLICK algorithm was applied. This algorithm clusters according to the similar expression patterns throughout the time points of fermentation. In order to view the patterns on the same scale, the mean value was set to 0 and variance to 1. These three algorithms are implemented in Expression Analyser and Displayer (Expander) package 4.1 (Shamir et al. 2005) .
Validation of microarray data by qPCR assays
To evaluate the quality of the microarray analysis, we have analysed the expression of the following genes: PAD1, FDC1, ARO9 and ARO10 using the same RNA samples (Table S1 , Supporting Information). All steps of the quantitative real-time PCR experiments were done according to the MIQE guidelines (Bustin et al. (2009) instructions. In Table S1 , all sequences of the primers used are presented. All the real-time PCR reactions were carried out on an ABI 7500 sequence detection system (Applied Biosystems, Life Technologies).
The cDNAs were used as template for the real-time PCR with forward and reverse primers in a total volume of 20 μL using the SYBR Green mixture (EXPRESS SYBR R GreenER qPCR Supermix Universal, Life Technologies). The reaction cycle was as follows: 2 min at 50
• C and 2 min at 95
by 40 cycles of 15 s at 95
• C and 1 min at 60 • C. For validation purposes, a post-PCR melting curve analysis of the amplified products was performed. Moreover, for each gene, a standard curve was determined from serial dilutions of cDNA. Relative quantification was calculated by applying the relative expression software tool (REST) (Pfaffl, Horgan and Dempfle 2002) , by which the expression of S. cerevisiae genes was standardised by the simultaneous expression of three housekeeping genes: 18S rRNA, translation elongation factor EF-1a (TEF1) and actin (ACT1). Mean threshold cycle (Ct) values were determined with three separate reactions per condition.
RESULTS AND DISCUSSION
Analysis of sugars and alcohols
A double-compartment membrane fermenter ( Fig. 1) for the co-fermentation of yeasts Saccharomyces cerevisiae and Dekkera bruxellensis was tested for its suitability for wine fermentation. This system was first tested regarding the capacity of the membrane to allow a rapid diffusion of 4-ethylphenol from the left to the right compartment. The concentrations of 4-ethylphenol measured after 5 min of magnetic stirring were 30.1 ± 0.6 mg/L inside the left compartment, where the molecule was first introduced, and 21.5 ± 0.7 mg/L inside the right compartment. After 10 min, the 4-EP concentrations in the left and in the right compartment were 24.6 mg/L and 24.5 mg/L, respectively. Therefore, the 4-EP concentration equalisation between both compartments probably occurred in the first 8 min of incubation. Because our fermentation experiments were several days long, we consider this short time lapse for molecule diffusion negligible.
To further validate the newly constructed fermenter, fermentations performed in membrane fermenters ( Fig. 2 ; filled symbols) were compared to those performed in Erlenmeyer flasks ( Fig. 2; open symbols) . The consumption kinetics of glucose and fructose and the production kinetics of ethanol and glycerol (Fig. 2) did not differ significantly between fermentations performed in membrane fermenters and fermentations performed in Erlenmeyer flasks. From the above, we can conclude that cellto-cell contact between yeasts S. cerevisiae and D. bruxellensis did not have a significant impact on the overall fermentation performance. This is not in agreement with Renault, Albertin and Bely (2013) , who claim that cell-to-cell contact is relevant. However, a finding similar to the one is presented in a more recent study conducted by Wang, Mas and Esteve-Zarzoso (2015) , who demonstrated that without cell-to-cell contact, the fermentative interactions between Hanseniaspora uvarum and S. cerevisiae still exist.
Ethanol production and the utilisation of fructose and glucose in pure cultures of S. cerevisiae were similar to the production in membrane separated cultures ( Fig. 2A-C) . However, glycerol production was significantly lower in the separated culture fermentations (Fig. 2D ). This implies that yeast D. bruxellensis was using the glycerol produced by S. cerevisiae during fermentation as a carbon source. In order to test the capability of D. bruxellensis strain ZIM 701 to utilise glycerol, we inoculated D. bruxellensis ZIM 701 in minimal medium containing glycerol as a sole carbon source. Dekkera bruxellensis consumed 0.85 g/L of glycerol after 241 h of incubation confirming its ability to consume glycerol from the fermentation media (Fig. S1 , Supporting Information). Furthermore, sugar consumption and ethanol production of D. bruxellensis in pure cultures were lower than in any other trials. The low rates of ethanol production and sugar consumption by D. bruxellensis in pure cultures are not surprising, as Dekkera spp. have been found to utilise sugars slowly, especially in wine musts that contain high levels of glucose (Van Urk et al. 1989) .
Yeast growth and CO 2 production
When comparing the fermentations in Erlenmeyer flasks with the fermentations in membrane fermenters, no significant differences were observed for CO 2 production and yeast growth kinetics of S. cerevisiae and D. bruxellensis. This can be observed in Fig. 3 , where black dashed lines represent the fermentations in Erlenmeyer flasks and grey solid lines represent the fermentations in membrane fermenters. Similarly to this, Wang, Mas and Esteve-Zarzoso (2015) observed that during wine fermentation, cells of H. uvarum and S. cerevisiae grew normally, whether they were separated from each other by a membrane or not.
In accordance to Sáez et al. (2010) , the presence of D. bruxellensis did not affect the growth of S. cerevisiae; however, the growth of D. bruxellensis was accelerated in separated cultures in comparison to pure cultures in the first 100 h of fermentation (Fig. 3) . Most probably, the fast consumption of glucose by S. cerevisiae in separated culture fermentations allowed D. bruxellensis to grow more quickly, as it is known that high levels of glucose have an inhibitory effect on the growth of yeast D. bruxellensis (Leite et al. 2012 
Volatile phenol production
As for all the other fermentation parameters, the consumption and the production of aromatic volatile phenols (Fig. 4) did not depend on the type of fermenter used (membrane fermenter or Erlenmeyer flask). On the basis of this, we have concluded that our double-compartment membrane fermenter can be a suitable tool for studying mixed culture fermentations. The production of vinylphenols in S. cerevisiae pure culture fermentations was steadily increasing and reached 12.6 mg/L of 4-vinylphenol and 6.1 mg/L of 4-vinylguaiacol towards the end of fermentations. In comparison to S. cerevisiae pure culture fermentations, the production of vinylphenols was the highest in separated cultures until 92 h of fermentation (17.4 mg/L of 4-vinylphenol and 6.3 mg/L of 4-vinylguaiacol) ( Fig. 4A and B) . However, after 92 h vinylphenols that were accumulated by S. cerevisiae were completely assimilated by D. bruxellensis to produce ethylphenols (Fig. 4C and D) .
In S. cerevisiae and D. bruxellensis, an HCA decarboxylase enzyme is responsible for the conversion of HCAs to vinylphenols (Huang et al. 2012) . In contrast to S. cerevisiae, D. bruxellensis also possesses a vinylphenol reductase enzyme, which reduces vinylpenols to ethylphenols (Godoy et al. 2009 ). In comparison to D. bruxellensis pure culture fermentations, the synthesis of ethylphenols was reduced in separated cultures ( Fig. 4C and  D) . We assume that in separated cultures a certain percentage of ethylphenols could be absorbed onto the surfaces of S. cerevisiae yeast walls, as it is known that this yeast can accumulate ethylphenols produced by D. bruxellensis (Chassagne et al. 2005 , Pradelles et al. 2008 ).
Transcriptomic analysis
Transcriptomic data are presented as an analytical outcome of the total transcriptome of S. cerevisiae (Fig. 5) and were successfully validated using qPCR (Table S2 , Supporting Information). Samples from the compartment inoculated with S. cerevisiae in the membrane fermenter were taken for RNA extraction, and transcriptomic analysis at four time points of fermentation (beginning, exponential phase, early and late stationary phase of 22, 92, 144, 187 h, respectively). In a comparative analysis, separated culture fermentations of S. cerevisiae and D. bruxellensis versus S. cerevisiae pure culture fermentations for all time points combined resulted in 77 upregulated transcripts of S. cerevisiae in separated culture fermentations (fold change cut-off value higher than 2.0; Table S3, Supporting Information) and no negatively regulated transcripts (fold change lower than 2.0).
An examination of known genome expression studies of S. cerevisiae was conducted in order to see if our 77 upregulated transcripts were also upregulated in any of the other stress response studies (Erasmus, van der Merwe and van Vuuren 2003; Lai et al. 2006; Marks et al. 2008) . The results of this in silico analysis are presented in Table 1 .
Among the upregulated genes, 17 were differentially expressed at the beginning of fermentation, 24 in the exponential phase, 4 in the early and 32 in the late stationary phase. Nineteen transcripts were significantly upregulated in two time points of fermentation and three transcripts (THI22, PAU12 and YGL188C) were upregulated in three time points of fermentation. After hierarchical clustering, the 77 upregulated transcripts were clustered (Expander) into four clusters according to their absolute gene expression pattern in all of the four time points of fermentation (Fig. 5) .
Transcripts (36 ORFs) that had the highest expression at the beginning and in the exponential phase of fermentation were clustered into cluster 1 (Fig. 5A and B) . For these transcripts, the expression plummeted after the exponential phase of fermentation. Transcripts (13 ORFs) whose expression was gradually increasing up to the early stationary phase of growth and then remained constant until the end of the late stationary stage were clustered into cluster 2 (Fig. 5C and D) . Furthermore, transcripts (18 ORFs) whose expression fell in the exponential phase to its lowest level and then grew until the end of fermentation were segregated into cluster 3 (Fig. 5E  and F) . Finally, transcripts (10 ORFs) whose expression was the strongest in the exponential and early stationary phase of the fermentation (Fig. 5G) were clustered into cluster 4. In the case of separated culture fermentations, genes from cluster 4 exhibited the highest expression in the beginning of fermentation; however, their expression stagnated after 92 h of incubation until 144 h and finally decreased towards the end of fermentation (Fig. 5H) .
Functional enrichment analysis revealed that 70.1% (54 ORFs) of the 77 up regulated transcripts were of unknown biological process. Because the genome of S. cerevisiae is almost fully annotated (less than 10% of the genome is of unknown function), it is unlikely that the 70.1% of differentially expressed genes, which fall into this category, is of insignificant value. Therefore it is possible that some of these transcripts may be needed for certain forms of responses to the presence of D. bruxellensis and that these responses are not being observed during standard phenotypic assays. Similar observations were made by Rossouw, Du Toit and Bauer (2012) in the co-inoculation study of Oenococcus oeni and S. cerevisiae where 25% of differentially expressed genes (fold change of 1.5) were of unknown process.
Interestingly, 25.9% (14 ORFs) of the biologically uncharacterised transcripts belonged to the PAU gene family (average 3.3-fold after 92 h) ( Table 1 ). This gene family is annotated under the biological process of response to stress (GO:0006950). Furthermore, involvement in specific roles for the adaptation of S. cerevisiae to certain environmental stress, including anaerobic conditions, low temperatures and wine fermentations, has been suggested (Rachidi et al. 2000; Luo and van Vuuren 2009) . In fact, of the 14 PAU transcripts induced in our study, 12 were found by Lai et al. (2006) to be upregulated during an adaptation of S. cerevisiae to anaerobiosis and 1 (PAU 21) was found to be upregulated during the fermentation stress response (Marks et al., 2008) . Moreover, Rivero et al. (2015) demonstrated that straindependent fermentation fitness of S. cerevisiae is strongly correlated with the copy number of genes belonging to the PAU gene family. They concluded that PAU genes have a significant protective effect against fermentation stress in particular during competition between different S. cerevisiae strains. Therefore, we consider that PAU gene family are important in the interspecific competition between S. cerevisiae and the other yeasts in the fermentation environment.
The upregulation of transcripts PLB2 (3.0-fold after 187 h), IZH1 (2.3-fold after 187 h), IZH4 (2.1-fold after 187 h) and YSR3 (2.2-fold after 92 h) should be explained by their involvement in lipid metabolism. In more aggravated stressful conditions, indicated by the expression of PAU genes, and in separated cultures, increased membrane stability is the usual form of response (Rosenfeld et al. 2003) .
Of all the 77 upregulated transcripts, the ones belonging to the thiamine biosynthetic process (THI5 (6.3-fold, after 22 h), THI11, THI12 (6.4-fold after 22 h), THI13 (7.7-fold after 22 h) and THI22 (3.6-fold after 22 h)) were the most strongly expressed. The thiamine biosynthetic process is dependent on thiamine availability, and thiamine is important in fermentative activity of yeast S. cerevisiae as it is necessary for the biosynthesis of thiamine-pyrophosphate, a cofactor essential for the activity of pyruvate decarboxylase (Nishimura et al. 1992) . Additionally, thiamine was proven to be essential for the growth of D. bruxellensis (Conterno et al. 2006) . Finally, Barbosa et al. (2015) observed a higher expression of S. cerevisiae genes THI20 and THI21 in mixed culture of S. cerevisiae and H. guilliermondii and suggested for a possible competition for vitamin thiamine between these two yeasts. Thereore a similar competition for thiamine might also exist in separated fermentation cultures of S. cerevisiae and D. bruxellensis.
Additionally, genes encoding permeases for putrescine (UGA4, 2.3-fold after 22 h) and methionine transport (MUP1, 2.2-fold after 22 h) may possibly suggest that a competition for sulphur containing amino acids and polyamines is present (Table 1) . (Marks et al. 2008) . Fermentations presented here were performed in double-compartment membrane systems.
The genes associated with the activation of meiosis (IME2, 2.8-fold after 144 h), the regulation (KCC4, 3.2-fold after 187 h) and construction (SPR28, 2.1-fold after 187 h) of septins and the progression of meiosis (GMC2, 2.2-fold after 92 h) during separated culture fermentations were upregulated as well (Table 1 ). This could possibly be explained by the induction of sexual reproduction process in S. cerevisiae. Sexual reproduction is known to be triggered by a lack of nutrients that contain nitrogen (Gustin et al. 1998) . Table 2 shows the effect of separated culture fermentations on the aromatic compound accumulation after 187 h of fermentation. In comparison to S. cerevisiae pure cultures, separated culture fermentations were found to have a significant effect on the formation of most of the volatile compounds. The exceptions were only for ethyl valerate (p < 0.02), ethyl hexanoate (p < 0.6), octanoic acid (p < 0.4), dodecanoic acid (p < 0.2), 2-phenylethanol (p < 0.5) and hexanol (p < 0.2). The formation of acetate esters and higher alcohols was mostly decreased under separated culture conditions. However, most of ethyl esters and fatty acids were significantly increased in such conditions ( Table 2) .
Aromatic compounds
The increased production of fatty acids such as isovaleric, decanoic and hexanoic acids in separated cultures was a cumulative result of both yeasts contributing to their production. We can note that the sum of these acids in pure cultures of D. bruxellensis and S. cerevisiae equals their amount measured in separated culture fermentations (Table 2 ). In fact, it is well known that both of these yeasts can produce isovaleric, hexanoic and decanoic acids (Romano et al. 2008; Rossouw, Du Toit and Bauer 2012) .
Surprisingly, the production of ethyl esters that correspond to the fatty acids mentioned above (ethyl isovalerate, ethyl decanoate, ethyl octanoate) and most of other ethyl esters was much stronger in separated cultures. This increase cannot be simply explained by the cumulative actions of both yeasts in providing fatty acid precursors. Furthermore, it is surprising that the other portion of aromatic esters, namely acetate esters, were produced in significantly lower quantities in separated cultures. This phenomenon could be explained with the experiments with traditional lambic beer fermentations. In these beers, where Dekkera spp. plays an important role, the aromatic profile of esters is typically characterised by a low amount of acetate esters (especially isomayl acetate) and a high amount of ethyl esters (especially ethyl octanoate, ethyl decanoate and ethyl lactate) (Verachtert 1992) . Interestingly, this typical profile if not present when beer is inoculated with only S. cerevisiae and S. pastorianus. However, it is strongly correlated with the appearance and development of Dekkera spp. during the course of beer fermentation. In fact, some Moreno et al. (2005) .
ANOVA P-values are presented as follows: * P-value < 0.05; * * P-value < 0.01; * * * P-value < 0.001; measurements marked with 'nd' were below detection; ANOVA p-values marked with 'ns' were statistically not significant. studies have confirmed that the esterases hydrolyse acetate esters into ethyl esters and are thus responsible for the formation of the typically observed profile of aromatic esters in limbic beers (Spaepen, Van Oevelen and Verachtert 1978; Spaepen and Verachtert 1982) . The decrease in the accumulation of higher alcohols in separated cultures in comparison to pure cultures of S. cerevisiae can be difficult to explain. It is known that in S. cerevisiae higher alcohols are secondary metabolites that are produced via the Ehrlich pathway of amino acid degradation (Hazelwood et al. 2008; Zupan et al. 2013) . The upregulation of a sulphur amino acid permease MUP1 indicates a possible competition for sulphur containing amino acids in separated culture fermentations. Lower availability of amino acid precursors due to possible competition between yeasts could therefore lead to lower amounts of higher alcohol in separated cultures (Table 2, higher alcohols).
CONCLUSIONS
The elevated expression of the PAU gene family could indicate that the fermenting yeast Saccharomyces cerevisiae was undergoing a protective response against fermentation stress during a competition phenomenon with yeast Dekkera bruxellensis.
Moreover, from the strong expression of the THI gene family we can assume that a competition for vitamin thiamine between these two yeasts might have occurred, especially because thiamine is essential for the growth of D. bruxellensis and for fermentative activity of S. cerevisiae (Fig. S2 , Supporting Information). In separated cultures, we have observed the formation of a profile of aromatic esters that is typically associated with Dekkera spp. Finally, in separated cultures, the formation of ethylphenols was reduced. These unpleasant aromatic molecules were most probably absorbed onto the surfaces of S. cerevisiae yeast walls.
